Introduction
============

COPD is an umbrella term used to describe lung diseases such as emphysema and chronic bronchitis that cause expiratory airflow limitation.[@b1-copd-9-1069] Currently, COPD affects at least 700,000 adults in Canada, and despite being largely underdiagnosed and undertreated, it has become one of the leading causes of mortality worldwide.[@b1-copd-9-1069],[@b2-copd-9-1069] The etiology of COPD is multifaceted. Research demonstrates that chronic exposure to toxic particles or gases and resultant airway inflammation lead to airflow limitation, hyperinflation, and ventilation and gas exchange disruption, which are typical symptoms of COPD.[@b3-copd-9-1069] The Canadian Thoracic Society states that COPD is a common respiratory disorder, characterized by progressive, partially reversible airflow limitation and lung hyperinflation.[@b1-copd-9-1069] A decrease in maximal expiratory flow rate is the hallmark physiological abnormality associated with COPD.[@b4-copd-9-1069],[@b5-copd-9-1069]

One of the most disabling symptoms of COPD is dyspnea during activity.[@b6-copd-9-1069] With the increase in ventilatory demand and respiratory frequency during exercise, there is insufficient time for the end-expiratory lung volume to decline to its equilibrium value.[@b7-copd-9-1069] Inspiration is initiated before expiration is complete, and progressive air trapping occurs, inevitably leading to dynamic hyperinflation of the lungs.[@b8-copd-9-1069] To determine the rate and the magnitude of the dynamic hyperinflation during exercise, clinicians evaluate the inspiratory capacity (IC), the volume of gas that can be taken into the lungs during full inhalation from functional residual capacity.[@b8-copd-9-1069] The IC determines the operating limits for tidal volume expansion during exercise. As dynamic hyperinflation becomes worse, the IC decreases, further expansion of the lungs becomes nearly impossible, and respiratory effort is not rewarded appropriately for the amount of effort that is required to breathe.[@b9-copd-9-1069],[@b10-copd-9-1069] The mismatch between the "need" to increase tidal volume and the inability to do so is thought to be a key contributor to breathing discomfort, also known as dyspnea.

An early manifestation of COPD is exercise intolerance resulting from abnormal pulmonary function, breathing discomfort, and muscle fatigue.[@b10-copd-9-1069],[@b11-copd-9-1069] In a clinical trial conducted by O'Donnell and Laveneziana,[@b11-copd-9-1069] 61% of participants terminated exercise because of breathing discomfort, 19% stopped due to a combination of breathing and leg discomfort, and 18% were limited due to leg discomfort alone. Ironically, exercise is one of the most effective methods of reducing dyspnea in people with COPD. In a research setting, aerobic training at an appropriate intensity decreases lactic acid production and consequently the ventilatory demand. As a result, respiratory rate is less and hyperinflation decreases.[@b6-copd-9-1069] Overall, this will help the individual to sustain normal tasks of daily living, and contribute to dyspnea desensitization.[@b12-copd-9-1069]

There has been considerable debate about the appropriate exercise intensity for people with COPD. A study by Casaburi et al[@b13-copd-9-1069] in the early 1990s revolutionized thoughts about exercise prescription on this issue. Participants in that study underwent an 8-week training program, exercising at 80% of their peak work rate determined during a pre-training incremental exercise test.[@b13-copd-9-1069] Overall, the participants experienced significant reductions in both blood lactate and minute ventilation that were associated with a decrease in respiratory rate and an increase in tidal volume.[@b13-copd-9-1069] These results were very exciting and had important implications for exercise in people with COPD; however, this study was criticized because the participants had mild disease and were not considered representative of people who would attend pulmonary rehabilitation. Consequently, Maltais et al[@b14-copd-9-1069] attempted to replicate these results in patients with moderate to severe disease. Participants in that study were unable to achieve 80% of their work rate maximum. This paper presents a systematic review of studies that examined changes in ventilatory parameters in pulmonary rehabilitation participants achieving high intensity exercise.

Methods
=======

Protocol and registration
-------------------------

The inclusion criteria and analysis methods for the systematic review were specified in advance and documented in the following protocol. This systematic review was registered during the preliminary search stage with PROSPERO (CRD42014007117) on January 14, 2014 at <http://www.crd.york.ac.uk/prospero>.

Criteria for studies considered in this review
----------------------------------------------

### Types of studies

Only randomized controlled trials, systematic reviews, and observational studies were included.

### Participants

Males and females with moderate to severe, stable COPD were included in this study. For the purpose of this systematic review, stable COPD is defined as the absence of an exacerbation in the 4 weeks preceding pulmonary rehabilitation.[@b15-copd-9-1069] Disease severity in the papers was defined according to the GOLD (Global Initiative for Chronic Obstructive Lung Disease) guidelines.[@b2-copd-9-1069] Studies that included individuals with additional comorbidities that would contribute to dyspnea, such as other lung diseases or heart dysfunction, and individuals using assisted ventilation were excluded from this review.

### Intervention

Pulmonary rehabilitation is an evidence-based, multidisciplinary, and comprehensive intervention for individuals living with chronic lung disease.[@b15-copd-9-1069] Typically, it is delivered as a 6--12-week exercise and education program designed to reduce symptoms including dyspnea, increase function, and reduce hospital admissions.[@b15-copd-9-1069] Only studies that met this definition of pulmonary rehabilitation were considered for this review. Included studies had to provide detailed descriptions of both the educational (eg, breathing techniques, nutrition, and energy conservation) and exercise (including the frequency, intensity, type, and time) program components. Studies including pulmonary rehabilitation programs less than 4 weeks long were excluded, as it has been suggested that these are considered too short to achieve training benefits.[@b16-copd-9-1069],[@b17-copd-9-1069]

### Outcome measures

Studies included in this review needed to include outcome measures for each of the three parameters the authors considered important: minute ventilation measured in liters per minute, respiratory rate measured in breaths per minute, and tidal volume measured in liters. A secondary outcome, IC was considered if included in the study. All outcomes measures had to be assessed during a symptom-limited graded exercise test.

Search strategy for identification of studies
---------------------------------------------

A systematic literature search was conducted using the Medical Subject Headings (MeSH) term "chronic obstructive pulmonary disease (COPD)" and the term "pulmonary rehabilitation" to extract studies and editorials from the following databases: EMBASE (1974--2013), CINAHL (1982--2013), and The Cochrane Library (1993--2013). The Cochrane Register provides systematic reviews and meta-analyses. EMBASE indexes Medline, PubMed, and European Health associations. CINHAL indexes studies associated with allied health professions. A general search of Google in the past month (December 2013) and Google Scholar in the past year (2013) was also conducted. A hand search of the references in all initial articles identified during the screening process was conducted. Clinical Trials Registry (<https://clinicaltrials.gov>) was accessed to search for any abstracts of newly completed or upcoming research studies. Conference proceedings from The Canadian Respiratory Conference, The European Respiratory Conference, and The American Thoracic Society were also checked from 2008 to 2013. Gray literature, including brochures and guidelines, from The Lung Association and the local Health Sciences Center were also searched for information. The search was updated on January 20, 2014.

All authors collaborated in developing the search strategy. The following keywords were used alone or in various combinations: chronic obstructive pulmonary disease (COPD), chronic obstructive lung disease (COLD), rehabilitation, pulmonary rehabilitation, exercise, physiological response, cardiopulmonary, minute ventilation, respiratory rate, tidal volume, and hyperinflation. "Chronic obstructive pulmonary disease" and "chronic obstructive lung disease" are defined terms that describe the particular disease; the associated abbreviations were also used in the search. A search breaking down the disease into its two primary components, emphysema and chronic bronchitis, was also conducted, but no additional studies were found. Searching for associated terms or MeSH terms for pulmonary rehabilitation, did not reveal any new terms; therefore, the search was refined to "rehabilitation AND exercise AND education." All additional terms used were the outcome measures being examined in this review. Not all the outcomes could be placed in the same search at once because the search became too limited. Filters including peer-reviewed articles, English language papers, and human subjects were applied to the advanced search. No restrictions were placed on the years investigated.

The following search strategy was used for EMBASE:

1.  "Chronic obstructive pulmonary disease" OR "COPD" OR "chronic obstructive lung disease" OR "COLD"

2.  "Pulmonary rehabilitation" OR "rehabilitation"

3.  "Exercise"

4.  "Respiratory rate" OR "minute ventilation" OR "tidal volume"

5.  \#1 AND \#2 AND \#3

6.  \#1 AND \#2 AND \#3 AND "benefits"

7.  \#1 AND \#2 AND \#3 AND \#4

8.  \#1 AND \#2 AND \#3 AND "physiological response"

9.  \#1 AND \#2 AND \#3 AND "cardiopulmonary response"

10. \#1 AND \#2 AND \#3 AND "cardiovascular response"

11. \#8 AND \#4

12. \#9 AND \#4

13. \#10 AND \#4.

Study selection
---------------

Based on the eligibility criteria, the document title and abstract were initially screened to determine which studies were eligible for further evaluation. The studies were screened for the key terms "chronic obstructive pulmonary disease" and "pulmonary rehabilitation" in the title. Abstracts were reviewed for all studies with titles containing the terms or a variation of them. The studies that contained the keywords in the title or the abstract were selected for further evaluation of the text. To ascertain the validity of eligible studies, three reviewers independently appraised the studies in a standardized manner using the CONSORT nonpharmacological treatment intervention extension guidelines.[@b18-copd-9-1069] Disagreements between reviewers were resolved by consensus.

Data collection
---------------

A data extraction table was developed based on the Cochrane Consumers and Communications Review Group's template. The extraction table was refined as studies were appraised. The primary author (KO) extracted the data, while the second author (KM) checked the accuracy of the extraction. Any disagreements regarding the data tables were discussed between the two authors. If no agreement could be reached, a consensus decision was achieved by discussion among all study authors. The information in the extraction table included 1) study design and length of study, 2) characteristics of trial participants, 3) inclusion and exclusion criteria, 4) intervention type and duration, 5) primary and secondary findings, and 6) funding sources. In all cases where any data were missing, the author (KO) attempted to contact the study authors and requested further information.

Assessment of the methodological quality
----------------------------------------

The methodological quality of the studies was independently assessed by two reviewers KO and GD. The quality of each study was assessed using the *Cochrane Handbook for Systematic Reviews of Interventions*[@b19-copd-9-1069] as a guide. Study design, allocation concealment, randomization, blinding, withdrawals/dropouts, intention-to-treat analyses, selective reporting, and any additional biases were taken into consideration and evaluated.

Results
=======

Studies retrieved
-----------------

[Figure 1](#f1-copd-9-1069){ref-type="fig"} is a detailed flow diagram with results from the systematic literature search conducted by the primary researcher (KO). The search identified 3,131 articles after duplicates were removed. Of these, 3,121 were subsequently excluded after the titles and abstracts were screened according to the eligibility criteria. The predominant reasons for exclusion of the 3,121 articles included 1) studies did not measure respiratory rate and tidal volume, 2) studies used home-based pulmonary rehabilitation, and 3) studies did not have similar groups (mild COPD versus moderate-severe COPD). Full-text screening and assessment of the risk of bias of the remaining ten articles was reviewed, and four articles were kept for inclusion in this review. The characteristics of those four studies are presented in [Table 1](#t1-copd-9-1069){ref-type="table"}.

Quality assessment and risk of bias summary: according to the *Cochrane Handbook for Systematic Reviews of Interventions*
-------------------------------------------------------------------------------------------------------------------------

[Table 2](#t2-copd-9-1069){ref-type="table"} presents a summary of the risk of bias for the studies in this review. The majority of the papers were methodologically weak, as they failed to report blinding or methods of randomization. None of the studies described how the participants were recruited; however, Gigliotti et al[@b20-copd-9-1069] stated that participant recruitment was consecutive in nature. Allocation concealment was only applicable in one of the studies,[@b21-copd-9-1069] as the observational studies did not have groups that would require allocation. Blinding did not occur in any of the studies, which created a high risk for both performance and detection bias. Therefore, the quality of the overall body of evidence was found to be low, and future research is likely to have an impact on the confidence of the results presented in the studies.

Program description
-------------------

The four studies included in the systematic review were published between 2003 and 2013. There were three observational studies[@b20-copd-9-1069],[@b22-copd-9-1069],[@b23-copd-9-1069] and one randomized controlled study.[@b21-copd-9-1069] The studies were conducted in three countries: Canada,[@b21-copd-9-1069] Italy,[@b20-copd-9-1069],[@b23-copd-9-1069] and Norway.[@b22-copd-9-1069] Participant numbers ranged from 18 to 48 people per study, and a pooled total of 125 participants. The age range of the participants was from 40 to 80 years, and males represented 63% of the total review population. The severity of COPD was reported in all the studies and was based on pulmonary function testing. Disease severity ranged from moderate to severe across the studies; however, none of the studies specified the number of participants in each severity category.

Intervention: pulmonary rehabilitation
--------------------------------------

The intervention was examined for the following: mode of exercise, frequency, duration and intensity of exercise, and the total length of the intervention ([Table 1](#t1-copd-9-1069){ref-type="table"}). All programs delivered pulmonary rehabilitation on an outpatient basis. Studies reported high compliance, but only two studies[@b21-copd-9-1069],[@b22-copd-9-1069] provided data to substantiate this. All programs included aerobic training on treadmills or cycle ergometers. Two of the programs also included resistance training. The duration of the pulmonary rehabilitation interventions ranged from 4 to 12 weeks. Participants attended pulmonary rehabilitation 3--5 times each week, with sessions lasting 90--180 minutes. The participants attended a maximum of 12--27 sessions, accumulating between 240 and 900 minutes of exercise. The intensity of the sessions in all but one study was based on the participant's peak workload, aiming to achieve between 70% and 80% of their maximal workload. Wadell et al[@b21-copd-9-1069] asked their participants to attain their highest possible work rate, targeting at least a "moderate" intensity breathing discomfort on the modified 10-point Borg scale. Programs progressed the exercise using a combination of intensity and duration. The participants in the study by Wadell et al[@b21-copd-9-1069] aimed to complete 4--10 minutes of exercise, and this amount did not change throughout the 8-week program.

Outcomes
--------

[Tables 1](#t1-copd-9-1069){ref-type="table"} and [3](#t3-copd-9-1069){ref-type="table"} summarize the changes in the primary and secondary outcome measures in this review. [Table 3](#t3-copd-9-1069){ref-type="table"} presents the data at iso-levels (the identical time or work rate in both exercise tests) to facilitate understanding the changes within a particular study. Data presented in the publications did not allow us to calculate the percent change in tidal volume and respiratory rate.

All studies reported changes in minute ventilation pre- to post-pulmonary rehabilitation. Three of these studies[@b20-copd-9-1069],[@b22-copd-9-1069],[@b23-copd-9-1069] demonstrated a statistically significant increase in minute ventilation at peak exercise, while the fourth did not report data with respect to peak exercise. Gigliotti et al[@b20-copd-9-1069] and Skumlien et al[@b22-copd-9-1069] also reported decreases in minute ventilation at submaximal workloads ([Table 3](#t3-copd-9-1069){ref-type="table"}). The study by Wadell et al[@b21-copd-9-1069] reported a non-significant decrease in this parameter. The two studies that reported a significant decrease in submaximal minute ventilation also reported a significant decrease in respiratory rate and an increase in tidal volume.[@b20-copd-9-1069],[@b22-copd-9-1069] In the study by Skumlien et al,[@b22-copd-9-1069] respiratory rate decreased but the change in tidal volume was not significant.[@b22-copd-9-1069] Wadell et al[@b21-copd-9-1069] only presented changes in tidal volume and respiratory rate graphically, but it appears that neither parameter changed significantly following pulmonary rehabilitation. All four studies reported changes in IC; however, only one of these studies noted a significant increase in this parameter.[@b20-copd-9-1069] The studies quantified the changes in ventilatory parameters differently, making direct comparisons between studies impossible. For instance, Gigliotti et al[@b20-copd-9-1069] and Skumlien et al[@b22-copd-9-1069] reported changes in respiratory rate and tidal volume with respect to the work rate maximum achieved during the initial exercise test. On the other hand, Ramponi et al[@b23-copd-9-1069] reported changes in ventilatory parameters with respect to the maximum minute ventilation achieved in the initial exercise test (see [Table 3](#t3-copd-9-1069){ref-type="table"} for details).

Investigating changes in dyspnea was not the intent of this systematic review; however, all four studies reported information on this variable. Two of the studies[@b20-copd-9-1069],[@b22-copd-9-1069] reported improved dyspnea following pulmonary rehabilitation. Gigliotti et al[@b20-copd-9-1069] reported a decrease in dyspnea with respect to the peak minute ventilation on the pre-intervention exercise test. They noted a decrease from 6.6 (±2.56) to 3.3 (±1.73) on the Borg scale, with a *P*-value of \<0.0001. Skumlien et al[@b22-copd-9-1069] also reported a decrease in dyspnea (−1.7 Borg scale units, 95% confidence interval −2.2 to −1.1; *P*\<0.0005) at 70% of the participants' peak work rate. On the other hand, Ramponi et al[@b23-copd-9-1069] assessed dyspnea using a 0--100 visual analogue scale. They found that the median dyspnea score at peak exercise was unchanged pre- to post-intervention (*P*\<0.208).[@b23-copd-9-1069] Wadell et al[@b21-copd-9-1069] reported their dyspnea scores during a constant workload test that was performed pre- and post-pulmonary rehabilitation. There was a non-significant decrease in the Borg score from 6.1 (±2.4) to 6.2 (±2.9), *P*\>0.05.[@b21-copd-9-1069]

Discussion
==========

The purpose of this systematic review was to determine whether participants in pulmonary rehabilitation programs could achieve the high exercise intensities recommended by research-based studies. The literature search identified only four studies that met our inclusion criteria, which included individuals with moderate to severe, stable COPD who were participating in pulmonary rehabilitation. Also, pre- and post-intervention symptom-limited graded exercise testing had to assess minute ventilation, respiratory rate, and tidal volume. These variables as well as IC, if it was reported, were chosen because they are closely related to dynamic hyperinflation, which is felt to be a key contributor to dyspnea and exercise limitation in people with COPD. All studies aimed to have participants exercise at a moderate to high exercise intensity, with three studies basing exercise intensity on the maximum work rate achieved in a pre-intervention graded exercise test. The fourth study advised participants to use the Borg dyspnea scale to grade their exercise intensity.[@b21-copd-9-1069] Three of the four studies reported significant decreases in respiratory rate and increases in tidal volume with respect to a comparable point (iso-level) in the pre-intervention exercise test.[@b20-copd-9-1069],[@b21-copd-9-1069],[@b23-copd-9-1069] Two of those studies assessed IC,[@b20-copd-9-1069],[@b21-copd-9-1069] and only Gigliotti et al[@b20-copd-9-1069] reported that it decreased significantly.

Groundbreaking work by Casaburi et al[@b13-copd-9-1069] in 1991 demonstrated that in people with COPD, exercise at or above the lactate threshold could stimulate physiologic training effects when compared with those individuals who did not exercise at this high intensity. The lactate threshold, which occurs at 60%--80% of the maximum work rate,[@b24-copd-9-1069] is often used to identify the threshold for high intensity exercise. Three of the studies in this systematic review had participants aim to exercise at intensities that should have been at or above the lactate threshold.[@b20-copd-9-1069],[@b22-copd-9-1069],[@b23-copd-9-1069] Participants in each of these studies demonstrated either a decrease in respiratory rate and an increase in tidal volume referenced to pre-intervention workloads or an increase in minute ventilation at the post-intervention peak workload. Wadell et al[@b21-copd-9-1069] expressed concern that participants in their study did not reach a high exercise intensity, which may explain why they did not demonstrate positive changes in ventilatory parameters. Furthermore, participants in that study were asked to complete only 4--9 minutes of exercise per session, which would have made it difficult to stimulate physiologic changes associated with increasing the lactate threshold. These results suggest that it is possible for people in pulmonary rehabilitation to work at high intensity and that this intensity is required to achieve significant improvements in ventilatory parameters during exercise.

Casaburi et al[@b13-copd-9-1069] reported superior functional improvement in the high intensity compared with the low intensity exercise group in their study. Both exercise capacity and endurance during a high intensity constant workload test were significantly better in the high intensity training group. The investigators attributed the differences to a greater decrease in blood lactate in the high intensity training group, which could be associated with improved muscle function.[@b25-copd-9-1069] In addition, the reduction in lactic acidosis decreases ventilatory demand and consequently minute ventilation, and this too could contribute to improved exercise performance. The increase in minute ventilation needed to meet the elevated metabolic demands associated with activity in people with COPD is achieved mainly through an increase in respiratory rate.[@b26-copd-9-1069] However, the reduction in expiratory time promotes dynamic hyperinflation, causing the lung to become less compliant, thereby limiting increases in tidal volume. The lack of change in tidal volume despite increased respiratory muscle effort is felt to contribute significantly to the sensation of dyspnea.[@b6-copd-9-1069] It follows that any intervention that reduces dynamic hyperinflation could lessen breathing discomfort. Dyspnea is the most commonly cited reason people with COPD stop aerobic activity, and alleviating the symptom can improve function in this patient population.[@b1-copd-9-1069],[@b6-copd-9-1069],[@b11-copd-9-1069]

Three of the four studies in this review assessed changes in IC,[@b20-copd-9-1069]--[@b22-copd-9-1069] but only Gigliotti et al[@b20-copd-9-1069] noted a significant increase in this parameter, indicating that exercise training reduced dynamic hyperinflation. Participants in that study exercised at intensities associated with the lactate threshold and reported decreased dyspnea compared to the same, pre-training exercise intensity. Interestingly, it is unlikely that participants in the study by Wadell et al[@b21-copd-9-1069] exercised at a high-enough intensity or time to promote physiological changes in exercise capacity. Accordingly, they failed to demonstrate a positive change in IC or dyspnea. Participants in the study by Skumlien et al[@b22-copd-9-1069] exercised at high intensity and demonstrated a decrease in respiratory rate but failed to demonstrate significant changes in tidal volume or IC. These participants noted reductions in dyspnea, suggesting that improving tidal volume alone may be sufficient to alleviate breathing discomfort during exercise. It is also possible that high intensity training caused these participants to experience a degree of psychological desensitization to their dyspnea. Ramponi et al[@b23-copd-9-1069] did not measure IC but reported significant positive changes in respiratory rate and tidal volume without associated improvements in dyspnea. In contrast to other studies that measured the change in dyspnea at iso-level, these investigators assessed dyspnea only at peak exercise. It is not surprising that dyspnea at peak exercise intensity, regardless of the absolute work, did not change. Taken together, the results from the studies in this review support the use of high intensity exercise, at or above the lactate threshold, to decrease activity-associated dyspnea.

We specified that studies in this review include participants in pulmonary rehabilitation programs, as we wanted the results to be relevant to the standard of care in this patient population. Subjects in the studies are representative of participants in pulmonary rehabilitation programs in terms of their age, sex, and disease severity, and our inclusion criteria specified programs that delivered pulmonary rehabilitation in a clinically relevant way as recommended by major professional associations.[@b27-copd-9-1069],[@b28-copd-9-1069] However, several factors limit the generalizability of our findings. First, programs varied greatly in terms of the duration of individual exercise sessions, the number sessions per week, and total program duration. Each of these factors interacts with intensity to affect the training response, so we are unable to give specific guidance about these aspects of exercise prescription. Several of the studies excluded participants with comorbidities. While this is understandable from a research perspective, it does not reflect the challenges of exercise prescription in pulmonary rehabilitation. Finally, the effect of selection bias cannot be discounted. Participants in these studies agreed to exercise at high intensity, and their motivation to do so distinguishes them from many people in pulmonary rehabilitation. The robustness of the conclusions are further limited by the methodology of included trials and the low numbers of subjects included in all the studies. Despite these limitations, the findings of this review support those of Casburi et al[@b13-copd-9-1069] regarding value of high intensity training in people with COPD.

Conclusion
==========

This systematic review demonstrates that people with moderate to severe COPD who are participating in pulmonary rehabilitation can achieve high exercise intensities that result in changes in ventilatory parameters and are associated with decreased activity-associated dyspnea. The generalizability of these findings is limited by low study quality and the heterogeneity of the exercise programs included in the review. However, the findings were consistently positive and should encourage clinicians to prescribe high intensity exercise for people in pulmonary rehabilitation, as the changes reported may improve quality of life.

Future direction
================

Work by Maltais et al[@b14-copd-9-1069] has shown that not all individuals with COPD who participant in pulmonary rehabilitation can train at high exercise intensities. However, participants in that study demonstrated improvements in exercise capacity that were accompanied by decreases in minute ventilation and blood lactate. It appears there is a continuum of exercise intensities associated with training responses in people with COPD. Identifying the boundaries of this continuum is important, as exercising at intensities that are too low are ineffective, and high exercise intensities are uncomfortable and may discourage participation in pulmonary rehabilitation. Future research should attempt to describe the boundaries of effective training intensities in a systematic way in order to optimize the pulmonary rehabilitation process and better support clinicians' exercise prescription choices. Methodological weaknesses identified in this systematic review should be considered when designing protocols to examine the boundaries of effective training intensities. Strategies to eliminate or diminish recruitment bias are critically important, and undoubtedly, multicenter studies to recruit adequate numbers and facilitate blinding of staff and participants will be necessary. Furthermore, careful documentation of participants' abilities to achieve prescribed exercise intensities will be needed. While these requirements may seem daunting, they are worth the effort given the important role of exercise in decreasing mortality and morbidity and improving quality of life in people with COPD.
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Data extraction table of study characteristics

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Study                               Study design                  Sample size                                              Disease severity                            Eligibility criteria                                              Intervention length                                                                         Intervention                                                                                                                           Outcomes
  ----------------------------------- ----------------------------- -------------------------------------------------------- ------------------------------------------- ----------------------------------------------------------------- ------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------
  Ramponi et al[@b23-copd-9-1069]     Observational study           27 participants\                                         FEV~1~ % predicted 50±14                    No history of concomitant cardiac heart failure or anemia         9 consecutive weeks 3 times/week for 3 hours (needed to attend a minimum of 21 sessions)    Exercise: Incremental exercise\                                                                                                        Peak exercise: ⇑ V~E~ (*P*=0.052)\
                                                                    Females n=9\                                                                                                                                                                                                                                                       Cycle ergometer\                                                                                                                       V~T~ and RR at V~E~ iso-levels: 50% V~E~\
                                                                    Males n=18\                                                                                                                                                                                                                                                        Increasing workload up to 70%--80% of maximum workload\                                                                                ⇑ V~T~(*P*=0.0I3)\
                                                                    Outpatient                                                                                                                                                                                                                                                         Increasing time from 10--30 minutes\                                                                                                   ⇓ RR (*P*=0.007)\
                                                                                                                                                                                                                                                                                                                                       Education: Compensatory breathing techniques, energy conservation, stress management, symptom control, and drug therapies              75% V~E~\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                              ⇑ V~T~ (*P*=0.025)\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                              ⇓ RR (*P*=0.004)\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                              100%V~E~\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                              ⇑ V~T~(*P*=0.199) ⇓ RR (*P*=0.029)

  Gigliotti et al[@b20-copd-9-1069]   Observational study           20 consecutive participants\                             FEV~1~ % predicted 42.40± 11.76             Long smoking history\                                             6-week nonintervention period followed by a 6-week PR program 2 times/week for 30 minutes   Exercise: Cycle ergometer, leisure walking, and unsupported arm exercise\                                                              Peak exercise: ⇑ V~E~ (P\<0.007)\
                                                                    Females n=2\                                                                                         Moderate to severe COPD\                                                                                                                                      Ergometer workload corresponded to 80% of the participants' peak WR\                                                                   ⇑ RR (NS)\
                                                                    Males n=18\                                                                                          Clinically stable preceding 4 weeks\                                                                                                                          Exercised up to 30 minutes\                                                                                                            ⇑ IC (NS)\
                                                                    Outpatient                                                                                           No concomitant diseases potentially contributing to dyspnea                                                                                                   Education: Breathing retraining\                                                                                                       Standardized WR (maximum WR at pre-PR assessment)\
                                                                                                                                                                                                                                                                                                                                       No other details about education                                                                                                       (70.5±22.30 W)\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                              ⇓ V~E~(P\<0.0014)\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                              ⇑ V~T~(P\<0.001)\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                              ⇓ RR (P\<0.002)\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                              ⇑ IC (P\<0.007)

  Skumlien et al[@b22-copd-9-1069]    Observational study           40 participants\                                         FEV~1~ % predicted 40±11                    Living within 6 hours of the program\                             4-week PR program 4--5 times/week of endurance training 45 minutes/session                  Exercise: Treadmill endurance training\                                                                                                Peak exercise: ⇑ V~E~(*P*=0.0I3)\
                                                                    20 participants in PR program\                                                                       No current smokers\                                                                                                                                           Increasing workload from 64%--83% of initial peak WR\                                                                                  70% of peak WR (maximum WR at pre-PR assessment)\
                                                                    20 participants on waiting list\                                                                     Could not train more than twice a week\                                                                                                                       Duration from 18--21 minutes\                                                                                                          ⇓ V~E~(*P*=0.0I4)\
                                                                    Female n= 18\                                                                                        No participation in PR within the past year\                                                                                                                  Resistance training\                                                                                                                   Unchanged V~T~ (*P*=0.546)\
                                                                    Male n=22\                                                                                           No exercise limiting cardiovascular or musculoskeletal disease\                                                                                               Education: Participants had access to social workers, occupational therapists, nutritional adviser, and psychologist whenever needed   ⇓ RR (*P*=0.002)\
                                                                    Inpatient                                                                                            No long-term oxygen use                                                                                                                                                                                                                                                                              Unchanged IC (P\<0.397)

  Wadell et al[@b21-copd-9-1069]      Randomized controlled study   48 participants\                                         FEV~1~ % predicted in PR group 48±12\       No comorbidities that could contribute to dyspnea\                8-week PR program or usual care control group 3 times/week of PR for 2.5 hours/session      Exercise: Treadmill and cycle ergometer endurance training\                                                                            Standardized time iso-time (Iso-time at pre-PR assessment end time)\
                                                                    20 participants in PR program 28 control participants\   FEV~1~ % predicted in control group 48±19   No supplemental oxygen use No BMI \<18 or \>40 kg/m^2^                                                                                                        Subjects worked at the highest attainable WR -- "moderate intensity"\                                                                  ⇓ V~E~(*P*=0.122)\
                                                                    Female n=2l\                                                                                                                                                                                                                                                       Duration range of exercise 4--9 minutes total/session\                                                                                 ⇑ IC (*P*=0.079)\
                                                                    Male n=27\                                                                                                                                                                                                                                                         Resistance training\                                                                                                                   Graphic representation: ⇑ V~T~\
                                                                    Outpatient                                                                                                                                                                                                                                                         Education: Stress management, medication use, and breathing techniques                                                                 ⇓ RR
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Notes:** ⇑, increase; ⇓, decrease.

**Abbreviations:** BMI, body mass index; FEV~1~, forced expiratory volume in 1 second; IC, inspiratory capacity; PR, pulmonary rehabilitation; RR, respiratory rate; V~E~, minute ventilation; V~T~, tidal volume; WR, work rate.

###### 

Risk of bias and quality assessment

                                      Study design                  Random sequence generation (selection bias)   Allocation concealment (selection bias)   Blinding of participants and personnel (performance bias)   Blinding of outcome assessment (detection bias)   Incomplete outcome data (attrition bias)   Selective reporting (reporting bias)
  ----------------------------------- ----------------------------- --------------------------------------------- ----------------------------------------- ----------------------------------------------------------- ------------------------------------------------- ------------------------------------------ --------------------------------------
  Ramponi et al[@b23-copd-9-1069]     Observational study           ?                                             N/A                                       −                                                           −                                                 \+                                         \+
  Gigliotti et al[@b20-copd-9-1069]   Observational study           \+                                            N/A                                       −                                                           −                                                 \+                                         \+
  Skumlien et al[@b22-copd-9-1069]    Observational study           ?                                             N/A                                       −                                                           −                                                 \+                                         \+
  Wadell et al[@b21-copd-9-1069]      Randomized controlled trial   ?                                             −                                         −                                                           −                                                 \+                                         \+

**Notes:** ?, unclear risk of bias; +, low risk of bias; −, high risk of bias; N/A, not applicable based on study design.

###### 

Changes in ventilatory parameters measured at iso-levels before and after PR

                                                                          Accumulated exercise time         ΔV~E~ (L/min)                                             ΔRR (breaths/min)                                         ΔTV (L)                                                   ΔIC (L)
  ----------------------------------------------------------------------- --------------------------------- --------------------------------------------------------- --------------------------------------------------------- --------------------------------------------------------- ---------------------------------------------------------
  Ramponi et al[@b23-copd-9-1069] at 75% V~E~                             810 minutes at maximum duration   Only reported at peak end-exercise                        −2.0±4.0[\*\*](#tfn6-copd-9-1069){ref-type="table-fn"}    +0.08±0.44[\*](#tfn5-copd-9-1069){ref-type="table-fn"}    --
  Gigliotti et al[@b20-copd-9-1069] at WR maximum pre-PR assessment       360 minutes                       −3.2±7.39[\*\*](#tfn6-copd-9-1069){ref-type="table-fn"}   −4.5±6.59[\*\*](#tfn6-copd-9-1069){ref-type="table-fn"}   +0.1±0.36[\*\*](#tfn6-copd-9-1069){ref-type="table-fn"}   +0.2±0.49[\*\*](#tfn6-copd-9-1069){ref-type="table-fn"}
  Skumlien et al[@b22-copd-9-1069] at 70% of maximum WR                   900 minutes                       −2.6±2.1[\*](#tfn5-copd-9-1069){ref-type="table-fn"}      −3.1±1.8[\*\*](#tfn6-copd-9-1069){ref-type="table-fn"}    +0.02±0.09                                                +0.06±0.15
  Wadell et al[@b21-copd-9-1069] Iso-time at pre-PR assessment end time   240 minutes at maximum duration   −1.8±4.5                                                  Only graphed results                                      Only graphed results                                      +0.06±0.14

**Notes:** Δ, change in; +, increase; −, decrease;

*P*\<0.01;

*P*\< 0.05.

**Abbreviations:** IC, inspiratory capacity; PR, pulmonary rehabilitation; RR, respiratory rate; TV, tidal volume; V~E~, minute ventilation; WR, work rate.
